Adeno-associated virus (AAV; genus Dependoparvovirus, family Parvoviridae) was first discovered in 1965 as a contaminant in adenovirus preparations. The AAVs are generally considered nonpathogenic, and they have the ability to attenuate the replication of other more pathogenic viruses, which makes them attractive as potential therapeutics or preventative measures. This study characterized a novel AAV isolated from Muscovy ducks in China. The novel virus (MHH-05-2015) was isolated after propagating a field isolate of the DAdV-3 virus (a type 3 duck adenovirus) in duck embryo fibroblasts. The full genome sequence of MHH-05-2015 was determined, and the nucleotide and amino acid sequences were compared to other avian AAVs. The genomic distribution of the structural and non-structural protein-coding genes in MHH-05-2015 was conserved and consistent with the other AAVs. Compared to previously isolated avian AAVs, MHH-05-2015 had approximately 63 to 64% sequence identity. Phylogenetic analysis indicated that MHH-05-2015 clustered separately from other avian AAVs, suggesting that MHH-05-2015 was not directly descended from other Dependoparvovirus family members. These results suggest that MHH-05-2015 is a new subtype of AAV that is distinct from other avian AAVs.
INTRODUCTION
Adeno-associated virus (AAV; genus Dependoparvovirus, family Parvoviridae) was first discovered in 1965 as a contaminant in adenovirus preparations (Atchison, et al., 1965; Muzyczka and Berns, 2001) . AAV is a non-enveloped virus that is 20 to 25 nm in diameter and contains a ssDNA genome of approximately 4.7 kb with equal plus and minus polarities (Mayor, et al., 1969; Berns and Adler, 1972) . AAV contains 2 open reading frames (ORF) flanked by inverted terminal repeats (ITR) (Li, et al., 2010) . The 5 ORF contains 4 overlapping genes that code non-structural replication proteins (Rep) replication and integration. The 3 ORF codes 3 capsid proteins (Cap) that determine viral tropism (Wu, et al., 2006; Wang, et al., 2010) . The ITR contain key cis-acting elements that are required for viral replication, rescue, integration, and packaging (Samulski, et al., 1982; Nahreini, et al., 1992; Wang, et al., 1996) . Genus Dependoparvovirus consists of the AAV group and waterfowl parvovirus group (Zhu, et al., 2014) . The isolates identified to date indicate that there are 3 subtypes in the AAV group, most of which have been isolated from primates . To date, more than 150 naturally occurring variants of AAV have been identified. Of these, 13 primate serotypes named AAV1-AAV13 have been described (Bello, et al., 2009; Huang, et al., 2016) . AAV also have been identified in cows, goats, pigs, chickens, bats, and snakes (Bossis and Chiorini, 2003; Li, et al., 2010; Huang, et al., 2016) . Of the AAV strains identified, only 4 are of avian origin (avian adeno-associated virus; AAAV); one of which was isolated from quail (VR-865) and 3 of which were isolated from chickens (DA-1, YZ-1, and ZN1) (Yates, 3867 , 1973; Bossis and Chiorini, 2003; Estevez and Villegas, 2004; Wang, et al., 2010) . The waterfowl parvovirus group is divided into goose parvovirus (GPV) and Muscovy duck parvovirus (MDPV), which were classified as autonomous members (Shen, et al., 2015) . So far, waterfowl parvovirus has become the common causative agent in goslings and ducklings, which is associated with high mortality and morbidity rate (Zhu, et al., 2014) ; on the contrary, to date, no AAV isolates have been described in ducks. To the best of our knowledge, we are the first to describe an AAV isolate obtained from a Muscovy duck, and to provide a comparison of the novel isolate at the nucleotide and amino acid levels to previously published AAV strains.
MATERIALS AND METHODS

Virus Isolation from Clinical Samples
Between 2014 and 2015, tracheal swabs, cloacal swabs, and clinical samples were collected from 10 diseased Muscovy ducks in one commercial farm in the city of Yunfu in the Guangdong Province, China. These diseased ducks presented mental fatigue and pathological changes in the liver, including multifocal areas of necrosis and hemorrhage, which were the typical symptoms of adenovirus infection. Viral DNA and RNA were extracted from homogenized tissues using the AxyPrep Body Fluid Viral DNA/RNA Miniprep Kit (Axygen Inc, NY, USA) following the manufacture's protocol. DNA was amplified by PCR using AAV specific primers designed based on the reference sequence for AAAV DA-1 (Accession No. AY629583); in addition, DNA and RNA were subjected to PCR or RT-PCR for detection of potential pathogens such as MDPV, GPV, duck reovirus (DRV), and duck adenovirus (DAdV) ( Table 1) .
AAV require either co-infection or cellular genotoxic stress for efficient replication (Bauer and Monreal, 1986; Yakobson, et al., 1987; Goncalves, 2005) . Therefore, to obtain viral genomic DNA for sequencing, we co-infected duck embryo fibroblasts (DEF) with the isolated virus and DAdV-3 virus, a type 3 duck adenovirus (isolated and preserved by our laboratory) (Zhang, et al., 2016) . DAdV3 was propagated in DEF prepared from 14-day-old SPF Shaoxing duck embryos (purchased from Harbin Veterinary Research Institute, CAAS) and stored at −80
• C until use. For the co-infection, the tissue filtrates that contained virus were mixed equivalently with DAdV-3 at a dose of 100 TCID 50 and then added into a DEF culture. The isolated virus and DAdV-3 were harvested when a 75% cytopathic effect (CPE) due to DAdV-3 virus incubation was observed. These viruses were passaged in DEF using a 1:100 dilution for 5 generations. Virus production was monitored by amplifying virus out of the DEF culture medium using PCR with the same primers previously described.
Electron Microscopy
To visually characterize the virus isolated from the symptomatic duck, 400 mL of the virus propagated in DEF were collected and centrifuged twice to remove cellular debris, first at 10,000 × g for 30 min at 4
• C and then at 80,000 × g for 3 h at 4
• C. The virus-containing pellet was solubilized in 1 mL of phosphate-buffered saline (pH 7.4). To prepare samples for electron microscopy, 10 μL of virus containing supernatant were negatively stained with 1% phosphotungstic acid for 30 s, and then mounted on 200-mesh Formvar-coated copper grids. The prepared samples were viewed using a transmission electron microscope.
Genome Sequencing and Phylogenetic Analysis
Whole genome sequencing was performed using an Illumina system (HiSeq 2000, BGI, Hong Kong). Paired-end libraries were generated, and multiple virus samples were sequenced in a single lane. The reads obtained were used to assemble the virus genome based on the published genome sequence for AAAV-DA-1. Nucleotide and amino acid sequences were analyzed using DNASTAR (version 7; Madison, WI), and multiplesequence alignment was performed using the Clustal W module in the MegAlign program. A phylogenetic tree was generated using the neighbor-joining method in MEGA 7. Bootstrap values were calculated from 1,000 alignment replicates. The representative strains of genus Dependoparvovirus used in this study for phylogenetic analysis are shown in Table 2 .
RESULTS AND DISCUSSION
A number of diverse AAV have been identified from primates and nonprimates, and AAAV was first discovered as a contaminant of adenovirus preparations in 1973 (Yates, et al., 1973; Wang, et al., 2010) . The waterfowl parvovirus group is another important member of genus Dependoparvovirus, mainly infecting goslings and Muscovy ducklings, which have restricted the development of the waterfowl industry (Wang, et al., 2016) . So far, however, AAV has not been isolated from duck species or other wild or domesticated waterfowl. 1 AAV-5 was initially isolated from a human penile flat condylomatous lesion, but its true origin was unidentified.
Between 2014 and 2015, a total of 10 clinical samples was collected from diseased Muscovy ducks presenting typical symptoms of adenovirus infection from one commercial farm in Guangdong Province. Of these, AAV was detected in one out of 10 samples (10%). This AAV positive sample also tested negative for MDPV, GPV, and DRV but tested positive for DAdV as determined by PCR assays, which ruled out the potential of waterfowl parvovirus infection particularly. We successfully isolated and passaged the AAV isolate from the positive samples in DEF, as indicated by PCR detection of the AAV nucleic acids. Electron microscopy was used to determine that the purified AAV particles had a diameter of 20 to 25 nm (Figure 1 ). Whole genome sequencing of the novel duck isolate was performed using an Illumina system. The complete genome sequence has been submitted to GenBank (Accession No. KX583629). Based on the electron microscopy and sequencing results, we conclude that a novel AAV isolate, designated MHH-05-2015, was isolated for the first time from a Muscovy duck.
We then compared the nucleotide and amino acid sequences of MHH-05-2015 to previously isolated AAAV strains. Sequencing indicated that the MHH-05-2015 genome was 4857 kb, contained both of the expected ORF regions encoding Rep and Cap proteins, and was flanked by ITR. This genomic organization is consistent with the conserved regions typically found in this family of viruses. Based on the putative processing site, the structure of the MHH-05-2015 is: 5 -ITR at nucleotides 1-174; Rep78 at nucleotides 431-2377; Rep52 at nucleotides 1106-2377; VP1 at nucleotides 2395-4611; VP2 at nucleotides 2833-4611; VP3 at nucleotides 3010-4611; and the 3 -ITR at nucleotides 4684-4857.
The ITR of MHH-05-2015 appears to be capable of forming a typical T-shaped palindromic structure, which is necessary for interaction with the Rep proteins to initiate the integration of viral DNA into the host genome (Estevez and Villegas, 2004) . The 5 ORF of the MHH-05-2015 strain encodes the nonstructural Rep proteins, including Rep78 (649 amino acids [aa] ) and Rep52 (424 aa). The 3 ORF of MHH-05-2015 encodes the structural proteins, including VP1 (739 aa), VP2 (593 aa), and VP3 (534 aa). As with the mammalian AAVs, MHH-05-2015 contains a conserved atypical ACG initiator codon for VP2 (Trempe and Carter, 1988; Muralidhar, et al., 1994) .
As MHH-05-2015 was isolated from an avian host, we compared its sequence to other avian AAV strains (VR-865, DA-1, YZ-1, and ZN1) available in GenBank. The published AAV strains were much more similar to each other (91.6 to 95.6%) at the nucleotide level than they were to MHH-05-2015. At the whole genome nucleotide sequence level, MHH-05-2015 was 63.6, 64.3, 64.2, and 64.2% identical to VR-865, DA-1, YZ-1, and ZN1, respectively. The amino acid sequence of MHH-05-2015 Rep78 had 60.7, 61.4, 61.3, and 61 .3% identity with the Rep78 proteins in VR-865, DA-1, YZ-1 and ZN1, respectively. Similarly, the MHH-05-2015 VP1 protein had 59.8, 57.8, 62.3, and 62 .5% identity Figure 1 . Visualization of the novel AAV virions. Electron microscopy was used to characterize the morphology of the avian adenovirusassociated virus (AAV) isolated from field samples of Muscovy ducks. To obtain samples for microscopic analysis, the virus was passaged in duck embryo fibroblasts in a co-infection with DAdV3 and then purified from the culture supernatant. a AAV particles; b DAdV-3 virus particle. Scale bar 100 nm. with the VR-865, DA-1, YZ-1, and ZN1 VP1 proteins, respectively. The VP3 protein is the most abundant capsid protein and the primary determinant of viral antigenicity . The MHH-05-2015 VP3 ORF shared 60.1, 62.2, 62.0, and 62.4% identity at the aa level with VR-865, DA-1, YZ-1, and ZN1, respectively. The MHH-05-2015 VP3 ORF was also shorter than (1,602 nucleotides; 534 aa) the previously published VP3 ORFs (1,608 nucleotides).
To provide a more complete picture of the genetic evolution of this emerging strain, multiple sequence alignments were performed comparing MHH-05-2015 to AAV from humans, monkeys, livestock, and fowl, and to waterfowl parvovirus sequences available in GenBank using the Clustal W program. As shown in Figure 2 , the phylogenetic tree suggested that previous strains of Dependoparvovirus clustered into 4 genetic groups: (1) primates; (2) livestock; (3) avian; and (4) autonomous group. MHH-05-2015 was separate from any of the clusters. Further analysis revealed that MHH-05-2015 had low similarities to previously identified AAV at the nucleotide level. For example, the percent identity between MHH-05-2015 and mammalian AAV ranged from 53.1 to 58.5%. MHH-05-2015 also had lower nucleotide similarity (approximately 48%) compared with the waterfowl parvoviruses.
The sequence comparisons and phylogenetic analysis both suggest that MHH-05-2015 is a novel subtype of AAV that is genetically distinct from previous AAV. And further, this novel isolates was markedly different from the waterfowl parvovirus that was the common pathogen in waterfowl. Therefore, we would suggest that MHH-05-2015 be classified as the first "duck adeno-associated virus."
It is generally believed that AAV is nonpathogenic, and it is not currently known to cause disease in infected animals (Li, et al., 2010) . Notably, AAV inhibits replication in a number of helper viruses, thereby influencing the pathogenicity of the helper viruses in vivo. MHH-05-2015 was isolated as a contaminant of DAdV-3, which is highly pathogenic in ducks and has caused substantial economic losses (Zhang, et al., 2016) . Future experiments are required to determine whether MHH-05-2015 co-infection alters the pathogenicity of DAdV-3 in vitro or in vivo. As is reported, the antibodies against AAAV are an early indication for adenovirus infection (Hess, et al., 1995) , and it is also possible that antibodies against MHH-05-2015 may be an early marker of DAdV-3 virus infection. Given the close relationship between MHH-05-2015 and DAdV-3 virus, it is urgent to verify whether this novel virus can influence the pathogenicity of its helper virus, with the aim of providing a novel form of epidemiological control of DAdV-3 virus.
